This paper investigates the energetic and entropic characteristics of a microchannel with thick walls. A first-order, catalytic chemical reaction is imposed on the inner surfaces of the microchannel walls, and local thermal non-equilibrium approach is employed to analyse heat transfer within the porous section of the microchannel. Further, endo-/exothermic physicochemical processes are incorporated into the fluid phase and solid structure of the microchannel. Two models describing the fluid-porous interface conditions known as Models A and B are incorporated. It is shown that for both interface models, and with the considered parametric values, the optimum thickness of the porous insert to achieve the maximum Nu is around 0.6. However, when PEC is considered, this optimum thickness may vary between 0 and 0.5. It is further shown that depending on the specification of the microreactor, either Model A or B may result in the prediction of the minimum total entropy generation rate. It is also demonstrated that by altering the endothermicity of the microreactor it is possible to find an optimal value, which minimizes the total rate of entropy generation.
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Introduction
Besides the first-law analyses of energy systems, the second-law investigations of these systems have gained considerable attention. This is because the latter provides a quantitative insight into the system performance in addition to the qualitative information provided by the former [1] . The second law of thermodynamics uses both temperature distribution and heat flux specifications of the system [2, 3] and hence is capable of providing more informative illustration of an energy system. Over the last 2 decades, a wide range of thermo-mechanical systems have been investigated from the second-law viewpoints [4, 5] . However, extension of these analyses to thermochemical systems has been slow and only gained some momentum in recent years [6] .
The heat transfer analyses of microchannels have been the focus of a large number of investigations during several past years, see for example [7] [8] [9] [10] . Recently, the secondlaw analyses of such systems have also received significant attention from the research community [6, 11] . This is because microchannels are the building blocks of various small-scale thermofluid and thermochemical systems including microreactors, with numerous applications in energy and other technological fields. For example, microchannels find applications in heat sinks [12] , singlephase [13] and multi-phase [14] heat transfer, electroosmotic and pressure-driven flows [15, 16] , and fuel cells [17] . Microreactors consisting of a bundle of microchannels [18] have recently attracted considerable interests due to their various applications in chemical and pharmaceutical industries for process intensification [19, 20] , multiphase reactions [21] , and fast and exothermic/endothermic reactions [22] [23] [24] [25] . Given these extensive application area, it is clear that the accurate predictions of energetic and entropic characteristics of microreactors are in growing demand.
So far, a handful of second-law investigations on microchannels, with or without chemical reactions, have been performed. Although the pioneering studies considered negligible thickness for the walls of the microchannel [26] [27] [28] , recently the conduction heat transfer via walls has been incorporated into the thermal analyses [29, 30] . It has been shown that the incorporation of walls thickness within the energy equation is essential and has substantial effects on the predicted temperature distributions within microchannels [11, 31] . These investigations have been not only on the pure heat transfer analyses [29] , but also on double-diffusive heat and mass transfer visualizations [32] . It has been also shown that not only the pressure drop is reduced if the porous insert partially fills the microchannel, but also heat transfer in the microchannel can be maximized by using the optimal thickness of the porous insert [33, 34] . While not directly the effect of porous thickness on pressure drop was considered on the performance of an annular pipe, it was comprehensively investigated against the performance number [35] . Also, the analyses have been extended to the effect of non-homogenous porous foams on the performance of channel-like thermal systems [36] . Ultimately speaking, this would reduce the total entropy generation of the system, for the heat transfer rate, as the pumping losses are reduced. Porous materials have been already incorporated into microchannels [37] and catalytic microreactors [38] , and some second-law investigations have been reported [6] . Nevertheless, the latter has, so far, remained limited to a few cases of fully filled microchannels [20, 30, 39] . It may be pointed out that, on the general field of heat and mass transfer, other investigations have been performed on the analysis of double-diffusive system such as Ref. [40] . Also, effects of absorber plate on performance of solar collector when the working fluid is the pure water has been considered in Ref. [41] .
By comparing the predicted temperature fields through taking local thermal equilibrium (LTE) and local thermal non-equilibrium (LTNE) approaches, it has been shown that the resultant temperature distributions and Nusselt numbers can feature considerable discrepancies [6, 42] . The differences between the findings of LTE and LTNE, i.e. the temperature difference between the fluid and solid phases of the porous section, have been particularly significant when internal heat generations are included [30, 43] . Hence, more attention is being paid to the energetic and entropic investigations on porous microchannels, while LTNE models have been practiced [39, 44] . However, there is still a shortage of analyses on catalytic microreactors. Although a number of studies on the firstand second-law analyses of micro-catalytic reactors have recently emerged [30, 39, 45] , the influences of porous inserts within the microreactor have not been thoroughly investigated yet.
The current investigation aims to bridge the identified gaps in the literature on the transport and entropy generation in microreactor by considering thick walls and a centrally located porous insert in a catalytic microreactor. In an attempt to provide more accurate analyses of transport, LTNE is used to model heat transfer in the porous section, and Soret effect is included in the dispersion equations. Further, to enhance the heat transfer rate, nanoparticles are added to the base fluid [46] .
Theoretical methods
Problem configuration and assumptions
A thick-walled microchannel, which represents the building block of thermochemical microreactors, is shown in Fig. 1 . The microchannel includes two parallel plates and an open region through which fluid can flow freely. Also, a strip of porous material has been inserted along its centreline, which helps in developing more uniform temperature and species distributions. In addition, nanoparticles may be added to the base fluid to boost the heat transfer process. Internal heat generations or consumption of a physical or a chemical nature has been assumed for all parts of the microchannel. The external surface of each wall is subject to a constant heat flux, and the internal surfaces of the walls are coated with a catalytic material, which provides a first-order chemical reaction. The microchannel is axisymmetric about its centreline, and therefore only half of the configuration is under analysis. In Fig. 1 , the parameter h p denotes the distance from the centreline to the edge of the porous insert, h 0 shows the distance to the inner surface of the wall, and h 1 represents the distance to the boundary of the configuration. The subsequent analyses rely on the following assumptions.
• The porous material is homogeneous and isotropic, and the porous region is under local thermal nonequilibrium.
• The flow is incompressible, steady and laminar and is thermally and hydrodynamically fully developed.
• Nanoparticles are distributed throughout the flow uniformly.
• Internal heat generation and/or consumption occurs uniformly in each component of the system according to the provided rates.
• All physical properties of the system (i.e. porosity, density, thermal conductivity, nanoparticle concentration and specific heat) are invariants. Also, the interstitial heat transfer coefficient within the porous phase of the system remains constant within the entire system [34, 47] .
• Radiation and natural convection are considered negligible.
• The transportation of species occurs through the mechanisms of Fickian and thermal diffusion of mass (Soret effect), while the mass transfer Peclet number is small.
Governing equations
Considering the stated assumptions together with DarcyBrinkman flow model for the porous section of the microchannel, the following equations govern the transport of momentum in the system.
Further, the following set of equations describe the transport of thermal energy throughout each of the system's components. They correspond, respectively, to the wall, open region, and nanofluid and solid phases of the porous region:
Considering the Fickian diffusion of species and the contributions of the Soret effect, the dispersion equations for both sections of the microchannel are expressed by the following relations.
Furthermore, in order to investigate the irreversibilities introduced in the system, the following relations for local entropy generation rates are formulated [30, 32, 39] . 
Boundary equations
The boundary conditions applied to the momentum equations are as follows.
and those for the energy equations are:
The dispersion equations take the following boundary conditions.
Equation (12c) imposed the first-order chemical reaction on the inner wall boundaries of the microreactor. On the fluid-porous interfaces, it is assumed that transfer of both species values and flux are constant, which lead to Eq. (12b).
There are two well-established models that describe the heat flux split over a porous-fluid interface: Models 1A and 2A of Alazmi and Vafai [48] , or Models A and B of Yang and Vafai [49] . Under Model A assumption, the total heat flux at the interface of the porous insert is the sum of the heat flux of each individual phase defined by their effective thermal conductivities and temperature gradient, respectively:
Alternatively, Model B assumes that both solid and fluid phases receive equal heat flux at the interface [48, 49] :
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Taking the average fluid velocity for the entire microchannel, defined as
and recalling that for a fully developed flow, incorporating the assumptions stated in ''Problem configuration and assumptions'' section,
, derivations for the heat flux at the porous-fluid interface for either of the two interface models can be carried out. Firstly, by integrating the energy equation of each system component, provided by Eqs. (3)- (6), the following relation for the interfacial heat flux under Model A is derived.
ð16Þ
Similarly, applying Model B condition reveals
Lastly, by rearranging the terms in Eq. (16), an expression for the heat flux at the fluid-wall interface, valid for both Models A and B, is developed. This reads,
hj
Pe ¼ q nf c nf;p h 1 u r k e;f ;
Dimensionless parameters and nondimensionalized equations
To facilitate analytical progression, the following dimensionless parameters are introduced. Darcy number Da ð Þ describes the permeability of the porous medium relative to the size of the microchannel, while Biot number Bi ð Þ represents the strength of the internal heat exchange between the nanofluid and solid phases in the porous region. As Bi increases, LTNE temperature predictions should approach those of LTE [42] . Soret number Sr ð Þ describes the relationship between the temperature gradient of the system and the concentration flux of the chemical species in the flow. Further, the Damköhler number k ð Þ relates the chemical reaction rate to the rate of mass transfer in the system. The fluid property ratios C k and C l indicate the relationship between the base fluid and equivalent nanofluid, in terms of thermal conductivity and viscosity, respectively. The detailed description of thermophysical properties of the used nanofluid can be found in Ref. [43] . Moreover, the characteristic velocity of the flow u r is defined as u r ¼ À 
with the following associated boundary conditions:
The dimensionless average velocity of the fluid in the microchannel is given by:
and constants a, b and c are provided by:
For Model A, the normalized forms of the energy equations are given as follows,
The above equations are bounded by the following conditions:
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Similarly, under Model B the following energy equations are obtained,
with the following boundary conditions:
The dimensionless forms of the dispersion equations are given by:
Furthermore, a prediction of Nu at the inside of the microchannel wall can be derived into the following form.
where h w ¼ h nf1 j Y¼Y 0 and h m represents the mean temperature in the microchannel, defined as
Substituting the variables defined in Eq. (19) into the entropy generation rate, the dimensionless local entropy generation rates are given by the following relation.
The total entropy generation rate is calculated by integrating the local entropy generation rate over the thickness of the half-microchannel,
Also, PEC provides an insight into both heat transfer and entropy generation performances of the microreactor and is calculated by [50] 
Solution of momentum, energy and dispersion equations
Through solution of the normalized transport equations presented in ''Dimensionless parameters and non-dimensionalized equations'' section, the following expressions for the velocity, temperature and concentration fields can be obtained. Firstly, the velocity in the open and porous regions is given by:
and constants a, b and c are provided by Eq. (24). The energy equations were solved analytically by decoupling the equations pertaining to the porous region and subsequently applying additional boundary conditions derived from their second and third derivatives. The solution procedure is well established and can be easily obtained through the literature [42, 43] . This results in the following formulae for the wall, open region, and fluid and solid phases of the porous region, respectively.
Pe k
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Model A:
Model B:
where 
The coefficients M 1 to M 3 are cumbersome and have not been provided here for the sake of brevity.
Results and discussion
Validation
To validate the model, all parameters were set such that the problem resembled those already investigated in the literature. In particular, the thickness of the walls was made negligible (Y 0 % 1), the catalytic layer and hence mass transfer were discarded, and the concentration of nanoparticles was reduced to zero. Hence, the predicted temperature fields could be compared with the work of Karimi et al. [51] and the calculated Nu became comparable to those presented in Ref. [33] . Figure 2 shows that Energetic and entropic analyses of double-diffusive, forced convection heat and mass transfer… 647 graphs identical to those presented in the aforementioned references were successfully produced, thereby validating the analytical solutions developed in ''Theoretical methods'' section. Also, although not shown here, it was observed that in the limit of fully filled microchannel and high Bi (thus LTE dominated), the observed trends in concentration profile follow those documented in the work of Matin and Pop [52] . difference between the nanofluid and solid phases of the porous section, and also reduces the value of dimensionless temperature within the other parts of the system. Figure 3c , d shows that by increasing the absolute value of the internal heat generation in the nanofluid phase of the microreactor, which is the manifestation of the exo-/endothermicity of the homogenous reactions through the nanofluid, the temperature difference between the solid and nanofluid phases increases. For Model B, even without internal heat generation within nanofluid phases of the system, the temperature difference between the two phases of the porous medium is not negligible. Hence, as also shown previously [20] , this is a strong evidence showing the necessity of taking an LTNE approach in the thermal analysis of microreactors which involve internal heat generations. Figure 4 provides an insight into the effects of nanoparticles volumetric concentration (NVC) and thermal conductivity ratio parameters on the temperature distributions under Models A and B. Three different NVCs have been examined in addition to the base fluids, i.e. / = 0%, in Fig. 4a, b . Both models show that increasing the NVC within the system decreases the temperature differences within the system and helps in achieving a uniform temperature within the microchannel, which is a desired feature of microreactors. This is, as apparent, because increasing NVC increases the thermal conductivity of the system, and hence the temperature distributions within each two specific points of the systems tend to become closer to each other. Also, it is seen that adding nanoparticles to the available fluid within microchannel is more beneficial at lower concentrations on nanoparticles, as the dimensionless temperature of the microchannel decreases by adding more nanoparticles to the system. By keeping NVC at / = 4%, Fig. 4c, d shows the effect of thermal conductivity ratio parameter k on the temperature distributions within the microchannel for Models A and B. Similar to the effect of NVC on the temperature distributions, the thermal conductivity ratio has a monotonic effect upon the temperature distribution across the wall and those of the open section and, the nanofluid and solid phases of the porous section of the microchannel. This means that, under both models, increasing the thermal conductivity ratio results in reducing the dimensionless temperature of the wall, increasing the temperature difference within the microchannel, and boosting the fluid and solid phases' temperatures within the porous section of the microchannel. Figure 5 shows the effects of internal heat generation within solid walls and solid phase of the porous medium on the temperature distributions of the microreactor, using both Models A and B. Figure 5a Energetic and entropic analyses of double-diffusive, forced convection heat and mass transfer… 651 the temperature distributions, the effects of internal heat generation within the solid phase of the porous medium are seen on all parts of the system. This again endorses the suitability of the LTNE model for thermal analyses of thermochemical microreactors. Figure 6 shows the effects of Bi and NVC on Nu for Models A and B, while varying the porous thickness value and keeping the other parameters fixed. This figure shows that depending on the value of Bi, changes of Y p under Model A may result in one or two extremum(s) for Nu. However, under Model B, varying the value of Y p from 0 to 0.8 only gives one maximum value for Nu. This can be seen by comparing Fig. 6a, b . Moreover, changing the value of Bi under Model A has greater impact on Nu compared with that under Model B. However, for both models and with the used parametric values in this figure, Y p % 0:6 represents the optimum porous thickness to achieve the maximum value of Nu. Figure 6c, d illustrates the effects of NVC on Nu-Y p plots for both models. A similar behaviour regarding the number of extrema, but in a less obvious way, can be seen in this set of figures as well. Depending on the value of NVC on Model A, one or two extremum(s) can be observed. Also, as expected, increasing NVC results in obtaining higher Nu for both models. Figure 8 shows the effects of NVC on the dimensionless concentration when Sr 1 and Sr 2 are kept at 0.2 for both interface models. As expected, increasing NVC decreases the temperature distribution. Hence, the non-dimensional concentration, which is coupled with the temperature distribution via Soret numbers, drops through increasing NVC. This is almost the same phenomenon observed in Fig. 9a . Since the effect of increasing NVC from 0 to 2% on the temperature distribution is more than the effect of increasing NVC from 4 to 6%, this difference has shown itself with the dimensionless concentration values in Fig. 8 . As it is clearly seen, the differences between the lines decrease by increasing the NVC. Compared with Figs. 7 and 8, in Fig. 9a , b the dimensionless concentration has been substantially increased because of the negative value for Sr 2 . This can be explained by noting that in Eq. (35) the second derivative of dimensionless temperature is also negative (see Figs. 3-5 ) and thus the thermal diffusion term effectively acts as a source term of the chemical species in this equation.
Temperature fields and Nusselt number
Q 1 = 2, Q 1 = 2, Q 1 = 2, θ A θ B θ A θ BQ 1 = 0.2 k 1s = 1, Bi = 1 Bi = 1 ω nf = 0.2, ω s = 0.2, Y 0 = 0.8, Da = 10 -3 k = 5, Q 1 = 0.2, k 1s = 1, φ = 4% ω nf = 0.2, ω s = 0.2, Y 0 = 0.8, Da = 10 -3 k = 5, Q 1 = 0.2, k 1s = 1, φ = 4% ω nf = 0.2, ω s = 0.2, Y 0 = 0.8, Da = 10 -3 k = 5, Q 1 = 0.2 k 1s = 1, ω nf = 0.2, ω s = 0.2,(a)ω nf = 0, Y p = 0.5, Y 0 = 0.8, λ = -1, ω s = 0, Q 1 = 0, k = 5, Bi = 1, k 1s = 1, φ = 4 %, Sr 1 = 0.2, Sr 2 = 0.2, D 21 = 2 ω nf = 0, Φ A Φ B Φ A Φ B
Concentration fields
Total entropy generation and PEC Figure 10 shows the effects of different parameters of the microchannel on the total entropy generation rate. This figure indicates that by modifying the value of a specific parameter it could be possible to minimize the total entropy generation. Further, for a given set of dimensionless parameters, the two interface models may predict different optimal points for minimization of the total entropy. Through a close examination of the sub-figures, a few conclusions are drawn. Figure 10a shows that increasing Y 0 , i.e. decreasing the wall's thickness, decreases the predicted total entropy generation rate. This means that by neglecting the wall effects on the temperature fields and consequently on the thermal irreversibility, the total entropy generation will be under-predicted. This is an important finding clearly demonstrating significance of inclusion of the solid walls of microsystems in their entropic analyses. Figure 10c -e shows that it would be possible to find an optimum value regarding any heat consuming/generating part of the system to minimize the entropy generation rate. Yet, such optimal value depends upon the choice of the interface model. For example, it can be observed from Fig. 10c that when Model B is considered, by assuming x nf ¼ À 2 and fixing other parameters, the total entropy generation rate has been minimized. Increasing the porous thickness or NVC monotonically increases the total entropy generation rate. Further, due to the reduction in friction irreversibility, increasing Darcy number decreases the total entropy generation within the microreactor. Figures 11 and 12 show the PEC of the microreactor versus porous thickness while varying the values of other 
(e) conductivity ratio, it is inferred that the maximum PEC for both interface models does not change significantly by changing the wall's thickness. Yet, it changes drastically by changing the thermal conductivity ratio. A similar behaviour can be observed in Fig. 12 . Although NVC appears to have marginal effects on PEC, changing Da leaves influential impact on PEC. 
Conclusions
An analytical investigation on the heat and mass transfer of a microreactor accommodating a first-order, catalytic chemical reaction has been performed. A porous insert was placed along the centreline of the reactor, while the catalyst layer was located on the internal surface of walls. The finite thickness of the walls was considered, and an LTNE approach was taken to analyse heat transfer in the porous section of microreactor. Further, the thermal diffusion of mass through Soret effect was considered and the dispersion of chemical species was analysed in the limit of small mass transfer Peclet number. Nanoparticles were used to augment heat transfer within the microreactor, and two different models to describe fluid-porous interface conditions were applied. It was observed that, with the considered parametric values, the optimum thickness of the porous insert to achieve the maximum Nu is Y p % 0:6. However, under each interface model PEC could be maximized by a different value of the thickness of the porous insert. The optimum value of this parameter to achieve the maximum PEC differs from 0 to 0.5. It was also observed that while the total entropy generation increases monotonically with thickening the porous insert, the total entropy generation can be optimized by choosing an optimum value for the endothermicity in each part of the system. This investigation shed some light on the energetic and entropic features of thick-walled microreactors, partially filled by porous inserts that have not been investigated previously. The provided analytical expressions and physical discussions are useful for the design and optimization of new microreactors. They can also serve as benchmark data for validation of the future theoretical and numerical investigations.
